A B ST R A CT Splanchnic and leg exchange of glucose, lactate, pyruvate, and individual plasma amino acids was studied in diabetics 24 hr after withdrawal of insulin and in healthy controls. Measurements were made in the basal postabsorptive state and during the administration of glucose at a rate of 2 mg/kg per min for 45 min.
A B ST R A CT Splanchnic and leg exchange of glucose, lactate, pyruvate, and individual plasma amino acids was studied in diabetics 24 hr after withdrawal of insulin and in healthy controls. Measurements were made in the basal postabsorptive state and during the administration of glucose at a rate of 2 mg/kg per min for 45 min.
In the basal state, net splanchnic glucose production did not differ significantly between diabetics and controls. However, splanchnic uptake of alanine and other glycogenic amino acids was 11-2 times greater in the diabetics, while lactate and pyruvate uptake was increased by 65-115%. Splanchnic uptake of these glucose precursors could account for 32% of hepatic glucose output in the diabetics, as compared to 20% in the controls. This increase in precursor uptake was a consequence of a two-to threefold increment in fractional extraction of these substrates inasmuch as arterial levels of alanine, glycine, and threonine were reduced in the diabetics, while the levels of the remaining substrates were similar in the two groups. Peripheral output of alanine and other glycogenic amino acids as reflected in arterio-femoral venous differences was similar in both groups. An elevation in arterial valine, leucine, and isoleucine was observed in the diabetics, but could not be accounted for on the basis of altera-tions in splanchnic or peripheral exchange of these amino acids.
Administration of glucose (2 mg/kg per min) for 45 min resulted in an 80% reduction in splanchnic glucose output in controls, but failed to inhibit hepatic glucose release in the diabetics despite a twofold greater increment in arterial glucose levels. In both groups no consistent changes in arterial glucagon were observed during the infusion.
It is concluded that in nonketotic diabetics (a) total splanchnic output of glucose is comparable to controls, but the relative contribution of gluconeogenesis may be increased by more than 50%; (b) accelerated splanchnic uptake of glucose precursors is a consequence of increased hepatic extraction of available substrates rather than a result of augmented substrate supply; and (c) the failure of glucose infusion to inhibit hepatic glucose output suggests that the exquisite sensitivity of the liver to the infusion of glucose in normal man is a consequence of glucose-induced insulin secretion.
INTRODUCTION
The contribution of altered hepatic glucose balance to the metabolic defect in diabetes mellitus has long been the subject of inquiry and debate. Numerous investigations employing the hepatic venous catheter technique (2, 3) , or isotope dilution methods (4) (5) (6) , have provided data on the net rate of hepatic glucose release and on systemic glucose turnover in diabetic patients. Little is known, however, about the effect of diabetes on the hepatic uptake and peripheral release of glucose precursors. Specifically, the question of whether an augmentation in substrate availability or alterations in (8) , and more recently demonstrated in normal human subjects (7), has been further substantiated by evaluating the effect of a similar glucose infusion (2 mg/ kg per min) on splanchnic glucose balance in insulindependent diabetics. METHODS Subjects and procedures. Seven male, nonobese patients with insulin-dependent diabetes mellitus of several years duration were studied. Clinical data are given in Table I. The patients were in good nutritional balance and ingested a weight-maintaining diet consisting of approximately 40%O carbohydrate and 25-35% each of protein and fat. All were followed at regular intervals of 2-3 months in the outpatient department. No patient had had periods of weight loss or episodes of hypoglycemia during the 1-2 yr before study. There was no history or evidence of liver disease and none were alcoholics. None of the patients had symptoms or signs of peripheral vascular disease. At the time of the study all of the subjects were actively employed. The nature, purpose, and possible risks involved in the catheterization procedure were carefully explained to the patients before obtaining their voluntary consent to participate.
The studies were performed in the morning after an overnight fast (12-14 hr). Insulin was withheld for 24 hr before the study. (The morning dose of insulin was not given on the day of the study, while those patients receiving two daily doses [ Table I ] were not given their evening dose on the preceding day.) Teflon catheters were inserted precutaneously into a brachial artery, a femoral vein, and an antecubital vein. A Goodale-Lubin catheter (No. 7 or 8) was then inserted into an exposed antecubital vein and advanced under fluoroscopic control to a right-sided hepatic vein. The tip of the catheter was placed 3-4 cm from the wedge position and its location was checked repeatedly by fluoroscopy during the study. Patency of the catheters was maintained throughout the study by flushing with saline intermittently. Heparin was not employed during the study.
After the catheters were in place, simultaneous arterial, hepatic venous, and femoral venous blood samples were drawn repeatedly for chemical analyses and for hepatic blood flow determination during a 30-45 min control period. Glucose was then infused intravenously at a rate of 2 mg/kg per min for 45 min during which time additional blood samples were obtained at 5-to 10-min intervals. One of the diabetic subjects was studied in the basal state only.
The control group consisted of 24 healthy, nonobese, adult male volunteers, 21-52 yr of age. All but one of these subjects have been described in detail in previous reports from our laboratories (7, 9, 10) . Seven of these subjects (including the one individual not described previously) were studied in the basal state and during the course of the 45 min glucose infusion (7) . For the remaining subjects observations were made in the basal state only.
Analyses. The methods employed for the determination of hepatic blood flow and for measurement of blood glucose, lactate, pyruvate, and oxygen, individual acidic and neutral plasma amino acids, and plasma insulin have been described previously (7, 9, 10) . Glucagon was measured in plasma by radioimmunoassay (11) using an antibody kindly supplied by Dr. Roger Unger (lot 30K). Arterial blood pH and Pco2 were determined with a BMS-3 electrode system (Radiometer Co., Copenhagen, Denmark). With regard to the various glucose precursors, no significant difference was observed in the arterial concentrations of lactate and pyruvate. However, the concentrations of the key endogenous glycogenic amino acids (7) alanine, glycine, and threonine were significantly reduced in the diabetics. In addition, a decreased level of aspartate was observed in the diabetic group. In contrast the arterial levels of the branched-chain amino acids, valine, leucine, and isoleucine were 50-90% higher in the diabetics than in the control group. The arterial blood pH was 7.38±0.02 and Pco2 36±1 mm Hg in the diabetic group, demonstrating a normal acid-base state.
Splanchnic metabolism. The basal rate of splanchnic glucose output, calculated as the product of arterialhepatic venous differences and hepatic blood flow, did not differ significantly between the two groups (Table  II) . When considered in relation to body weight, glucose output was 3.0±0.2 mg/kg per min in the diabetics and 2.4±0.4 mg/kg per min in the controls (P > 0.1). Marked differences were noted between the diabetic and control groups with respect to splanchnic uptake of precursor substrates. Thus net uptake of lactate and pyruvate was 65-115% higher in the diabetic group (Table II) . Inasmuch as the arterial levels of pyruvate and lactate were not elevated in the diabetics, the increased uptake of these glucose precursors was a result of augmented fractional extraction by the splanchnic vascular bed (Fig. 1) .
Of the 16 amino. acids studied, consistently positive arterio-hepatic venous differences (A-HV)' indicating a net uptake were demonstrable in both the diabetic and control subjects for nine amino acids: alanine, serine, glycine, threonine, tyrosine, cystine, methionine, phenylalanine, and taurine (Table III) . A significant uptake was also observed for proline in the diabetic group. In accordance with previous findings (13) , in both groups, the A-HV for alanine exceeded that of all other amino acids (Table III) . Particularly noteworthy is the fact that splanchnic uptake of alanine in the diabetic group exceeded that for the control subjects by 60% (Fig. 2) . Twofold increments in net splanchnic uptake of glycine, serine, threonine, methionine, tyrosine, and phenylalanine were also observed in the diabetics (Fig. 2) . Since the arterial concentra-'Abbresiation used in this paper: A-HV, arterio-hepatic venous differences. tions of alanine, glycine, and threonine were significantly reduced in the diabetics, and were unchanged for the remaining amino acids, the augmented splanchnic amino acid uptake was solely a consequence of increased fractional extraction by the splanchnic bed. As shown in Fig. 3 , splanchnic extraction of alanine was 36±3% in the control group and 66±5% in the diabetics (P <0.01). Two-to threefold increments in fractional extraction were also observed for the remaining glycogenic amino acids (Fig. 3) . Estimated hepatic blood flow was slightly larger in the diabetic group (1441±43 ml/min, P < 0.025) than for the control subjects (1229±48 ml/min). The arterial-hepatic venous difference for oxygen was also augmented and the calculated splanchnic oxygen uptake Aia Ser Gly Pro Thr Tyr 12Cys sMet Phe FIGuRE 2 Splanchnic uptake of amino acids in the basal state in diabetic subjects (cross-hatched bars) and control subjects (open bars). Lines at the top of the bars indicate the SE. P values denote the probability that the differences between the groups are a chance occurrence. Splanchnic uptakes were calculated from arterio-hepatic venous differences (Table III) was approximately 45% larger in the diabetic group (Table II) .
Leg metabolism. There was a consistently positive arterio-femoral venous difference for glucose (P < 0.05) in the diabetic group, which did not differ significantly from that observed in the control group (Table II) . The release of lactate and pyruvate from the leg was also similar in the two groups, as was the arterial-venous oxygen difference across the leg (Table  II) . The output of most amino acids from the leg tissues, as indicated from the femoral arterial-venous differences, was not significantly different in the two groups (Table III) . Discrepancies between the groups were however observed for the branched-chain amino acids, valine (P < 0.001), leucine (P < 0.01), and isoleucine (P < 0.01). Whereas negative arterial-venous differences indicating a net release were observed for the branched-chain amino acids in the control group, in the diabetics the net exchange of these amino acids across the leg was too variable to result in a consistent net output or uptake (Table III) .
Response to glucose infusion. The effect of intravenous infusion of glucose at a rate of 2 mg/kg per min on arterial and hepatic venous glucose concentrations and hepatic glucose production is shown in Fig. 4 . In the diabetic group the arterial glucose concentration rose during glucose administration by a mean value of 37 mg/100 ml as compared with 18 mg/ 100 ml in the control group. Estimated hepatic blood flow did not change in the diabetic group but the arterial-hepatic venous difference for glucose increased slowly during the course of the 45 min glucose infusion, resulting in a 44% rise (P < 0.05) in net splanchnic glucose output by the end of the infusion period. In the controls, on the other hand, the arterialhepatic venous glucose difference was markedly reduced, resulting in an 80% inhibition of net hepatic glucose production. As reported previously (7), in association with the infusion of glucose in the control group the mean arterial insulin level rose from 9.0±1. 1 .uU/ml in the basal state to 15.0±2.7 oU at the end of the infusion. The radioimmunoassay used for the determination of insulin could not be applied in the diabetic subjects, all of whom had been on insulin treatment for more than a year. The arterial glucagon concentration was measured in the basal state and during the administration of glucose in four diabetic patients and in two healthy controls (Fig. 5) . The basal values closely agree with previous findings in normal and diabetic patients using the same immunoassay (14) . The arterial glucagon concentration showed no consistent change during the glucose infusion (Fig. 5) .
There was no significant change in the splanchnic uptake of lactate and pyruvate during glucose infusion in either group. In a like manner splanchnic amino acid uptake remained constant in the diabetic group (Table IV) and in the controls (7) in association with the 2 mg/kg per min glucose infusion. blood glucose levels in the diabetic group. This finding is in agreement with previous observations in nonketotic hyperglycemic patients with diabetes studied by means of the hepatic venous catheter technique (2, 3) or by isotopic methods for the estimation of blood glucose replacement rate (4) (5) (6) . Ih contrast to these findings, patients in a more severe diabetic state as indicated by ketoacidosis (15) or hyperglycemia exceeding 400 mg/100 ml (16) have an accelerated rate of splanchnic glucose production. The failure to observe an elevation in hepatic glucose output in the curernt study thus may be due to a residual effect of the last dose of insulin which served to prevent ketosis as well as an increase in glucose release at the time of study.
Of particular interest is the fact that the current investigation provides evidence of altered gluconeogenesis in diabetes even when total hepatic glucose production is within the range observed in control subjects. Firstly, significantly greater net splanchnic uptakes of lactate and pyruvate were observed in the diabetic group suggesting an increase in Cori cycle activity. This observation agrees well with the findings of increased conversion of lactate-"C and pyruvate-14C into blood glucose in diabetic patients (17, 18) , whereas lactate conversion to C02 is reduced (19) . The source of the extra lactate and pyruvate generated for heightened Cori cycle activtiy in the diabetics is not, however, readily apparent, inasmuch as peripheral output of these metabolites was not increased nor were arterial levels reduced. Secondly, the enhanced splanchnic uptake of alanine and other glucogenic amino acids in diabetes is further evidence of an accelerated rate of hepatic gluconeogenesis in this condition. The occurrence of a negative arterial-portal venous difference has previously been demonstrated for alanine in man (9) , indicating a release of alanine from the gut, so that the present measurements of splanchnic amino acid uptake probably underestimate rather than exaggerate the true hepatic uptake. Thus with respect to each of the glucose precursors measured, significant (1)- (4) 0.338 0.202 Per cent of glucose production 32 21
* Data are presented as millimoles per minute.
t Expressed as glucose equivalents in millimoles per minute. § Sum of splanchnic uptake of amino acids for which a statistically significant uptake was found (Table III) .
1 1 Glycerol uptake was not measured in the diabetic group but has been previously reported for the control group (9) .
increments in splanchnic extraction were observed in the diabetics.
In Table V the balance data for glucose and glucose precursors across the splanchnic bed are presented. Although glutamine is normally extracted by the splanchnic bed (20) , it is not included in the calculation because the column chromatographic technique employed in the present study precluded accurate determination of this amino acid. As shown, total precursor uptake is significantly higher in the diabetic group as compared to the controls, while net glucose production is equivalent in the two groups. From the quantitative data in Table V it can be seen that approximately 20% of hepatic glucose output could be accounted for by gluconeogenesis in the controls, whereas over 30% was derivable from precursor substrates in the diabetics. It should be noted that the balance data in the diabetic group (Table V) does not include observations on the splanchnic uptake of glycerol which was not measured in the present study. The discrepancy between the controls and diabetics with respect to the proportion of glucose derivable from gluconeogenesis is thus likely to be further accentuated were data available on glycerol uptake in the diabetics. Supporting the conclusion of increased gluconeogenesis in the diabetics is the greater rate of oxygen uptake in this group (Table II) . Accelerated oxidation of fatty acids which generally accompanies augmented glucose synthesis (21) may have contributed to the greater splanchnic oxygen consumption observed in the patient group. Finally, the balance data indicate that the portion of the hepatic glucose production not accounted for by gluconeogenesis and presumably covered by glycogenolysis, is smaller in the diabetic group than in the controls.
The increased hepatic utilization of glucose precursors in diabetes could be a consequence of either greater substrate availability or augmented hepatic extraction of circulating substrates. Inasmuch as the diabetic group displayed significant reductions of plasma alanine, glycine, and threonine, while the levels of the remaining glycogenic amino acids and lactate and pyruvate were unchanged, there is no evidence of increased substrate availability in these patients. As shown in Figs. 1 and 3 , augmented hepatic extraction was in fact responsible for the increased uptake of all the glucose precursors studied. Whereas 36% of the alanine presented to the liver was extracted in the control group; 66% was taken up in the diabetic group. Two-to threefold increments in fractional extraction were also noted for the remaining amino acids and a 60-75% increase in the splanchnic extraction of lactate and pyruvate was seen. Thus it can be concluded that the diabetic state with lack of adequate insulin is characterized by an augmented hepatic uptake of glucogenic precursors as a consequence of altered intrahepatic metabolic events as opposed to an increased availability of precursor substrates. Supporting this conclusion is the demonstration that insulin-induced inhibition of gluconeogenesis is primarily a result of an hepatic effect on precursor uptake rather than a consequence of a peripheral action on substrate supply (7).
The current observations of a decrease in the arterial concentration of alanine, glycine, and threonine and an increase in the levels of the branched-chain amino acids are consistent with previous findings in ketotic (22) and nonketotic diabetics (23) . Augmented hepatic utilization of key glucogenic amino acids probably serves to explain the lowered arterial concentrations of these amino acids, inasmuch as the arterial-femoral venous differences were similar in the diabetic and control groups. Thus an increase in hepatic demand for alanine and other glycogenic amino acids exceeds the supply from muscle tissue (24, 25) and as a consequence the arterial level falls. A similar sequence has been postulated to account for the development of hypoalaninemia in starvation (26) . The background to the rise in the concentrations of the branched-chain amino acids in diabetes is less clear. It has been suggested that these amino acids may be released from the liver in diabetes (27, 28) , but this can hardly be the case since no significant splanchnic output was found in the present study for either valine, leucine, or isoleucine. As shown in Table I , none of the diabetic patients was significantly overweight, so that obesity, which of itself causes an elevation of the branched-chain amino acids (29) , can be ruled out as a causal factor in the present study. Increased mobilization of branched-chain amino acids from peripheral protein stores has also been postulated, particularly in diabetic ketoacidosis (22) . However, the mean arterial-femoral venous difference for all three of these amino acids was positive in the patient group and differed significantly from the negative findings in the controls. There is thus no evidence of a consistent release of the branched-chain amino acids by leg tissue in the diabetics. The augmented arterial concentration of these amino acids thus remains to be explained.
The effects of glucose infusion on splanchnic glucose balance in the diabetics (Fig. 4) are of interest inasmuch as the liver in normal man has been shown to be highly sensitive to small increments in the arterial glucose concentration and it has been suggested that this is due to glucose-induced changes in endogenous insulin secretion (7). Thus, intravenous infusion of glucose in normal subjects at a rate of 2 mg/kg per min causes no more than a twofold increase in arterial insulin levels, yet hepatic glucose output is reduced by approximately 80%. In contrast, infusion of glucose at the same rate in diabetic subjects in the present study did not yield a reduction of hepatic glucose output in spite of the fact that the arterial glucose concentration rose twice as much as in the controls (Fig. 4) . These data thus support the conclusion that the exquisite sensitivity of the liver to infusion of glucose in normal man (7) , is a result of glucose-induced secretion of insulin, rather than a consequence of hyperglycemia per se. In this respect the current findings are in agreement with earlier work by Madison, et al. in dogs with portacaval shunts (8) .
The basal glucagon levels measured in the present study are in good agreement with previous findings in diabetic and healthy subjects (11, 14) . The possibility has been considered that factors other than insulin, such as inhibition of glucagon secretion, may contribute to the effects of glucose infusion on hepatic glucose output in normal man (7) . As far as can be ascertained from measurements of arterial concentrations, there is no indication from the present results that changes in glucagon secretion are responsible for the splanchnic response to glucose infusion in diabetic patients or healthy controls. However, the possibility that infusion of glucose at 2 mg/kg per min alters portal vein glucagon levels cannot be excluded at the present time.
